We established a method for determining capsaicin glucuronide in rat urine samples using liquid chromatography-mass spectrometry combined with enzymatic hydrolysis. Capsaicin was not detected in urine samples of rats administered capsaicin intraperitoneally (i.p., 2 and 4 mg/kg), but after hydrolysis with β-glucuronidase, extraction with methanol and solid-phase extraction, capsaicin was clearly detected by liquid chromatography-mass spectrometry with electrospray ionization. The limit of detection was obtained to be 0.1 ng/ml in urine sample matrix. The conditions for the enzymatic hydrolysis of the conjugate were optimized for β-glucuronidases from Ampullaria, Escherichia coli, bovine liver, Helix pomatia and Patella vulgata. The optimal conditions among those examined [pH (3.3-9.0), temperature (37-70°C) and enzyme amount (50-2500 U)] for 1 ml of the urine sample were as follows: β-glucuronidase from Ampullaria (pH 4.2, 45°C, 500 U), from Escherichia coli (pH 6.0-7.2, 37°C, 500 U), from bovine liver (pH 5.0, 45°C, 500 U), from Helix pomatia (pH 5.0, 60°C, 1250 U) and from Patella vulgata (pH 3.8, 45-60°C, 2500 U). Among the enzymes examined, β-glucuronidase from Ampullaria was found to be suitable for hydrolysis of the conjugate. Under the optimal conditions of Ampullaria β-glucuronidase, the incubation of 1 ml of urine sample for 90 min was sufficient for hydrolysis of capsaicin glucuronide in the urine sample. The urinary recovery values of capsaicin collected for 0-48 hr after administration of 2 and 4 mg/kg capsaicin to rats were 1.4 and 1.1%, respectively.
mainly metabolized into compounds and their glucuronides ( Fig. 1 ) 7, 8) and that cytochrome P-450 converted capsaicin to various oxidized compounds, 9) the details of the in vivo metabolism of capsaicin and related compounds has not yet been fully elucidated. To prove exposure to pepper spray in forensic analysis, it is required to detect capsaicin and related compounds from evidence samples, especially from biological samples of casualty cases.
We previously reported on a quantification method for urinary capsaicin and its hydrolyzed compound, vanillylamine.
10) The analysis of their glucuronides in urine samples is also important for forensic analysis, as they are major metabolites in urine. 7, 11) It is possible to detect glucuronides directly by liquid chromatography-mass spectrometry (LC-MS), but the analysis of hydrolyzates of glucuronides is usually more convenient because its procedure for
INTRODUCTION
Capsaicin [N-(4-hydroxy-3-methoxybenzyl)-8-methyl-trans-6-nonenamide Fig. 1 ] is one of the main pungent ingredients, or capsaicinoids, in oleoresin capsicum extractable from oily hot peppers included in pepper. [1] [2] [3] These capsaicinoids are used in lacrymating pepper spray, 4, 5) and recently, crimes such as robbery, pickpocketing and rape using tear gas sprays have been increasing. Forensic toxicologists must identify such causative toxic substances in their forensic investigations. 6) Although it has been reported that capsaicin incorporated into the rat is analyzing the glucoronide requires an authentic conjugate and a complicated extraction procedure to exclude chromatographic interference from polar urine ingredients. The enzymatic hydrolysis condition is more moderate and generally gives cleaner extracts compared to acid hydrolysis. 12) In this report, we have adopted enzyme hydrolysis by β-glucuronidase for determination of capsaicin glucuronide in rat urine samples and have examined the procedure for determining hydrolyzed glucuronide using LC-MS. Moreover, we examined the optimal hydrolysis conditions for capsaicin glucuronide in rat urine using several commercially available β-glucuronidases.
MATERIALS AND METHODS
Materials ---Capsaicin, β-glucuronidases from Escherichia coli (Type IV-A), bovine liver (Type B-1) and Patella vulgata (Type L-II) and saccharolactone (d-saccharic acid 1,4-lactone) were obtained from Sigma (St. Louis, MO, U.S.A.). β-Glucuronidase/aryl sulfatase from Helix pomatia was obtained from Calbiochem (San Diego, CA, U.S.A.). Bond Elut Certify cartridges were obtained from Varian (Harbor City, CA, U.S.A.). Acetonitrile (HPLC-grade), methanol (HPLC-grade) and β-glucuronidase from Ampullaria were obtained from Wako Pure Chemical Industries (Osaka, Japan), and the other chemicals used were of commercial analytical grade.
The activities of β-glucuronidases used in this study were determined by the method reported by Fishman et al. 13) The β-glucuronidase activities found and subsequently used in this experiment were almost the same as those described on the reagent bottles.
A standard capsaicin stock solution (1 mg/ml) for urine analysis was prepared in methanol, and diluted to appropriate concentrations with methanol. The capsaicin solution (1 and 2 mg/ml) for administration (2 and 4 mg/kg) to rats was prepared in an aqueous hydoxypropyl-β-cyclodextrin mixture (4 : 1, v/v). Animal Experiment ---Male Wistar rats weighing about 250 g were administered capsaicin [i.p., 0 (vehicle only), 2, and 4 mg/kg]. Urine samples were collected for 0-24 and 24-48 hr after administration of capsaicin, and stored at -30°C until analysis. The analyses were performed within one month after sample storage. A blank urine sample was also collected from the control rat. Enzymatic Hydrolysis ---One milliliter of enzyme solution in an appropriate buffer (pH 3.3: 0.2 M citric acid/0.1 M disodium hydrogenphosphate buffer; pH 3.8-5.5: 0.5 M sodium acetate buffer; pH 6.0-7.8: 0.2 M sodium phosphate buffer; pH 8.5-9.0: 0.25 M sodium borate buffer) was added to 1 ml of the urine sample, and the mixture was incu- bated for an appropriate time period at a designated temperature (37-70°C). The enzymatic reaction was stopped by adjusting the pH of the mixture to approximately 10.5 with 3 M sodium hydroxide solution under cooling in an ice bath. Extraction ---The extraction of capsaicin from urine was performed as described previously 10) with minor modifications as follows. A Bond Elut Certify cartridge was pretreated with 4 ml water, 4 ml acetonitrile and 10 ml water. One milliliter of 10% ammonium hydroxide solution was added to the hydrolyzed urine sample (2 ml), and applied to the cartridge. Capsaicin was eluted with 4 ml acetonitrile. The eluate was evaporated to dryness, and dissolved in 500 µl of acetonitrile. A ten µl aliquot was subjected to LC-MS system. LC-MS Conditions ---LC-MS was performed using a Micromass ZMD quadrupole mass spectrometer (Waters Co., Milford, MA, U.S.A.) equipped with electrospray ionization (ESI). The liquid chromatograph consisted of a Waters Alliance 2690 pump equipped with an autosampler and an L-column ODS column (150 × 2.1 mm i.d., 5 µm particle size, Chemicals Evaluation and Research Institute, Tokyo, Japan). The mobile phase was 2% (v/v) acetic acid solution/acetonitrile (20 : 80, v/v). The flow rate was 0.2 ml/min. The column temperature was maintained at 40°C. The following ESI operating conditions were adopted: source block temperature, 130°C; capillary voltage, +3.5 kV; cone voltages, 30 V; multiplier voltage, 650 V; and desolvation temperature, 400°C. For confirmation of the analytes, full-scan spectra were recorded in the range of m/z 80-500 at a scan duration of 1.0 sec. For quantification, analysis was conducted by the external calibration method using the protonated molecular ions of the analytes (capsaicin, m/z 306) in the selected ion-monitoring mode. For the animal experiment, we adopted i.p. administration and a rather high dose of capsaicin (2 and 4 mg/kg) compared to the lethal dose (LD 50 in rat, i.p.: 9.5 mg/kg 14) ), in order to obtain high and reproducible concentration of capsaicin glucuronide in urine samples for establishing enzymatic hydrolysis conditions. Figure 2 illustrates typical chromatograms obtained from the solid-phase extract of the urine sample (capsaicin 4 mg/kg injection, 0-48 hr collection) with and without β-glucuronidase treatment. Capsaicin was scarcely detected on total ion chromatogram (TIC) obtained from the extract without enzyme treatment ( Fig. 2A) , but clearly detected on TIC from the extract with enzyme treatment (Fig. 2B) . Also the peak of capsaicin detected on the extracted ion chromatogram (EIC) obtained from the extract with enzyme treatment (Fig. 2C) gave the same retention time as that from authentic standard solution of capsaicin (1 µg/ml) (Fig. 2E) and showed a well-separated peak of capsaicin from any extract matrix peaks that appeared. Capsaicin was not detected in either the control urine or the urine sample from the vehicle-only-administered rats (data not shown). In the quantification of capsaicin supplemented to the urine extract of the control rat, the limits of detection (LODs), which was estimated from the detection limits of the target and qualifier ion peaks on each mass chromatogram (S/N ≥ 5), and satisfying the acceptable range of the ratio of qualifier to target ion responses (± 20%), were estimated from the data of a drug-free urine sample. The LODs was obtained to be 0.1 ng/ml in the selected-ion monitoring (SIM) mode. The calibration curve of the capsaicin peak areas was linear against the urinary concentration in the range 0.5-1000 ng/ ml with a correlation coefficient of 0.991. Accuracy evaluated at 0.1 mg/ml was 0.074 ± 0.006 mg/ml (average ± S.D., n = 5). Within-day and betweenday precisions were 6.3 and 7.1%, respectively (n = 5). Thus, the validation data guaranteed the sensitivity and quantitative efficiency of the procedure. A previous paper 10) reported that capsaicin was detected from the capsaicin-administrated rat urine at levels of 20-250 ng/ml. With β-glucuronidase (from Ampullaria, 500 U, pH 4.0-6.0, 45°C, 90 min) treatment, the detection level was significantly increased, to more than 10-fold. On the other hands, the detection level of capsaicin in the urine with treatment of β-glucuronidase in the presence of 100 mM saccharolactone, an inhibitor of β-glucuronidase, was almost the same (95%) as that in the absence of the inhibitor. This result indicates that the contaminated sulfatase in β-glucuronidase reagent does not give the hydrolysis of capsaicin conjugate. Capsaicin metabolites (vanillylamine and related compounds) were also detected (data not shown).
RESULTS AND DISCUSSION

Optimization of β β β β β-Glucuronidase Hydrolysis Conditions
The optimal hydrolysis conditions of capsaicin glucuronide with five β-glucuronidases were examined; varying pHs, incubation times, and enzyme amounts, using the urine sample collected for 0-48 hr from one rat injected 4 mg/kg capsaicin. Figure 3 shows the effect of pH on the hydrolysis levels. The hydrolysis levels of capsaicin glucuronide with enzyme were indicated as the capsaicin detection levels on the chromatogram. Bell-shape curves were obtained for all enzymes, and the levels were highest at pH 4.2 for the Ampullaria enzyme, pH 5.0 for the bovine liver and Helix pomatia enzymes, around pH 6.0-7.2 for the Escherichia coli enzyme, and pH 3.8 for the Patella vulgata enzyme. Our results concerning the optimal pH values were in agreement with the recommended pH values for β-glucuronidase reaction by the reagent company (pH 6.8 for Escherichia coli enzyme, pH 5.0 for bovine liver enzyme, pH3.8 for Patella vulgata enzyme). Figure 4 shows the effect of incubation temperature on the hydrolysis level of β-glucuronidase treated urine. Bell-shape curves were obtained for all enzymes except for the Escherichia coli enzyme, and the levels were highest at 45°C for Ampullaria and bovine liver enzymes, and at 60°C for Helix pomatia and Patella vulgata enzymes. The level was highest at 37°C for the Escherichia coli enzyme; beyond this peak, the level decreased sharply, indi- cating possible enzyme inactivation at higher temperatures. Figure 5 shows that the hydrolysis levels of capsaicin glucuronide increased with the amounts of β-glucuronidase from the five origins examined. At about 500 U/ml urine for Ampullaria enzyme, the hydrolysis levels reached a plateau of the highest value (about 270 ng/ml), indicating complete hydrolysis of the capsaicin glucuronide conjugate. For bovine liver and Helix pomatia enzymes, at 2500 U/ ml the hydrolysis levels reached the highest value, which was almost compatible with the highest value in the Ampullaria enzyme. For the Escherichia coli and Patella vulgata enzymes, the hydrolysis levels had not peaked even at 2500 U/ml, and these levels were about 200 and 160 ng/ml. The relatively low levels in these enzymes may be compatible with the result for the effect of pH (Fig. 3) and temperature (Fig. 4) . One possibility for the low level in Patella vulgata enzyme may be attributed to enzyme inactivation at 45°C.
As for the best commercial β-glucuronidase enzyme for capsaicin glucuronide hydrolysis, the enzyme from Ampullaria and its optimal hydrolysis conditions (pH 4.2, 45°C, 500 U/ml) was selected from the standpoint of pH, temperature, enzyme amount and incubation time. Figure 6 shows the time course of the hydrolysis levels of capsaicin glucuronide under the optimized conditions. The level reached a highest-value Values represent the total urine volumes, their capsaicin concentrations and excretion contents of capsaicin and its glucuronide collected both between 0 and 24 hr and between 24 and 48 hr from rats administered 2 and 4 mg/kg capsaicin intraperitoneally, respectively. Capsaicin concentrations were measured after enzymatic hydrolysis of urine samples. plateau (about 170 and 270 ng/ml) at 30 min for a 2 mg/kg dose of capsaicin and 90 min for a 4 mg/kg dose, respectively.
Our experiment did not use authentic capsaicin glucuronide, and the enzymatic hydrolysis behavior of capsaicin conjugate and stability of both capsaicin and its glucuronide were not elucidated; still, it is probable that capsaicin glucuronide was perfectly converted to free capsaicin, because the capsaicin concentrations showed a plateau (Fig. 6) .
Content of Capsaicin β β β β β-Glucuronide Conjugate in the Rat Urine
Adopting the optimal enzymatic hydrolysis conditions [for 1 ml urine, 500 U of Ampullaria β-glucuronidase at phosphate buffer (pH 4.2) at 45°C], capsaicin levels were measured in urine samples collected for 0-24 hr and for 24-48 hr after administration of capsaicin (2 and 4 mg/kg). As shown in Table 1 , the detection levels were considerably higher than the quantification limit (0.1 ng/ml). Moreover, by considering the total administration content, 0.84 ± 0.10% and 0.60 ± 0.04% of the administered dose of capsaicin were detected in urine samples collected for 0-24 hr and for 24-48 hr from the capsaicin-administered rats at 2 mg/kg doses, respectively, and 0.62 ± 0.10% and 0.52 ± 0.06% of capsaicin were detected from rats administered 4 mg/ kg. Obviously, only a small portion of the capsaicin administered to the rats was recovered in the urine, and other portion may be recovered as the glucuronide conjugates of capsaicin metabolites. A further experiment is underway to establish an extraction and LC-MS quantification method for capsaicin metabolites and to investigate the effect of β-glucuronidase treatment on the detection of its metabolites.
